In computational aortic biomechanics, aortic and arterial tissue are typically modelled as a homogeneous layer, making abstraction not only of the layered structure of intima, media and adventitia but also of the microstructure that exists within these layers. Here, we present a novel method to visualize the microstructure of the tunica media along the entire circumference of the vessel. To that end, we developed a pressure-inflation device that is compatible with synchrotron-based phase-contrast imaging. Using freshly excised left common carotid arteries from n ¼ 12 mice, we visualized how the lamellae and interlamellar layers inflate as the luminal pressure is increased from 0 to 120 mm Hg in quasi-static steps. A graph-based segmentation algorithm subsequently allowed us to automatically segment each of the three lamellae, resulting in a three-dimensional geometry that represents lamellae, interlamellar layers and adventitia at nine different pressure levels. Our results demonstrate that the three elastic lamellae unfold and stretch simultaneously as luminal pressure is increased. In the long term, we believe that the results presented in this work can be a first step towards a better understanding of the mechanics of the arterial microstructure.
Introduction
The aorta and its main large proximal branches buffer blood from the heart during systole and propel it downstream during diastole. From a mechanical point of view, aortic and arterial tissue behave as a hyperelastic soft tissue at low tensile stresses and strains, while they undergo a characteristic stiffening as stress and strain increase. This phenomenon has been evidenced by uniaxial [1, 2] and biaxial [3] [4] [5] tension tests on flattened samples, as well as pressureinflation tests on cylindrical samples [6] . As any artery, the large proximal elastic arteries are composite structures that are organized in three distinct layers (tunica intima, media and adventitia). These layers are distinctly different from each other in terms of constituents, mechanical stiffness and ultimate tensile strength [7, 8] . On a micro-structural level, the tunica media is composed of smooth muscle cells and collagen fibres that are embedded in a network of concentric elastic lamellae [9] [10] [11] , while the adventitia is composed of thick collagen bundles that are organized in a network of helically oriented elastic fibres [12] . Constitutive models are generally based on a strain energy function in which the arterial wall is modelled as a soft matrix material reinforced by different fibre families [13, 14] . The mechanisms that govern the rearrangements of the microstructure in response to an increase in stress remain, however, largely unexplored [15] .
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One of the most important factors hampering a thorough understanding of the kinematics and dynamics of the aortic microstructure is the lack of visualization methods for the structural (re)arrangement of the individual constituents (under loading). The earliest images of the microstructure of the aorta were obtained with scanning electron microscopy [16] and transmission electron microscopy [10] . However, these methods essentially yield two-dimensional images and exclude kinematical studies since they cannot be combined with deformation during physiological loading. Moreover, they suffer from image artefacts caused by the need to chemically digest all collagen fibres prior to imaging the elastin components (or vice versa) [17] . Multiphoton microscopy (MPM) allowed researchers to overcome some of these limitations as both elastin and collagen could be visualized simultaneously without the necessity of tissuepre-processing. A crucial limitation of MPM, however, is the limited field of view, which restricts the depth of observation in most applications to the adventitial layer [18, 19] . MPM-based methods have been developed to visualize the lamellar microstructure within the tunica media in mice, both in the descending aorta [20] and the carotid artery [21] , but the field of view did not suffice to visualize the entire circumference of the vessel.
An alternative approach to visualize the aortic microstructure in three dimensions and at different pressure levels is to take advantage of synchrotron-based phase-contrast imaging [22] . In traditional micro-CT, an image is generated by the differential absorption of X-rays that travel through the aorta. In synchrotron-based phase-contrast imaging, on the other hand, images are based on the phase distortions of the X-ray wavefronts that travel through a specimen, which generally allows for a significantly higher signal to noise ratio and an improved spatial resolution [23] . When used to visualize the mouse vasculature, synchrotron images combine a detailed resolution with a field of view that encompasses the entire circumference of the vessel [22] . In recent experiments, we used synchrotron-based grating interferometry to visualize ascending [24] and dissecting abdominal aortic aneurysms [25, 26] in mice, while propagation-based phase-contrast imaging has been used by us and others to visualize the degeneration of aortic lamellae in aneurysm formation [27, 28] .
Here, we decided to take our imaging approach one step further and use synchrotron imaging in order to determine both the geometry and material properties of the arterial microstructure. To that end, we combined synchrotron-based phase propagation imaging with quasi-static pressure-inflation experiments on freshly excised carotid arteries from mice. Using a custom-built, synchrotron-compatible pressure-inflation tool, we demonstrate how the elastic lamellae in the mouse carotid artery unfold with pressure. We also introduce a robust graph-based segmentation algorithm that yields a full threedimensional description of each of the lamellae within the mouse carotid artery.
Material and methods

Synchrotron-compatible quasi-static pressureinflation device
A custom-built pressure-inflation device was designed in SolidWorks (Dassault Systèmes, France). Synchrotron-specific design requirements were that during the scans (i) the tissue sample should be placed in a PMMA tube that is transparent for X-rays, (ii) the sample should be held in vertical rather than horizontal position, in order to fit within the field of view of the X-ray beam, (iii) the total vertical length of the entire set-up should be such that the PMMA tube fits within the field of view of the X-ray beam and (iv) the pressure should be kept constant for several minutes, to allow for sufficient scan time at each quasi-static pressure level. The resulting device was geometrically adapted to fit the requirements of the X02DA TOMCAT beamline at the Swiss Light Source (PSI, Villigen, Switzerland), but in principle, it can be adapted to fit any powerful micro-CT device. A syringe pump was used to increase the pressure inside the carotid artery (figure 1a), which was monitored during the experiment with a pressure sensor (SunX DP-100, Panasonic, Japan). During the experiments, the device was fixed with screws on the synchrotron experimental set-up (figure 1b), such that the PMMA tube holding the aortic sample was placed within the X-ray beam (figure 1c). The sample was mounted in a horizontal position using a separate set-up (figure 1d ). During the experiment, the mounted sample was placed in the vertical position. Liquid tightness was ensured with rubber O-ring seals at both sides of the cylinder. Additional O-rings were placed between cylinder and brass needles (figure 1e).
Experimental procedure
N ¼ 6 male C57BL/6 J mice and n ¼ 6 male ApoE 2/2 mice on a C57BL/6 J background were purchased at the age of 12 weeks from Janvier (Saint Berthevin, France). One hour prior to the imaging experiments, each mouse was anaesthetized by ketamine/ xylazine (100 and 15 mg kg 21 , respectively). After sacrifice, the aorta was flushed in situ by transcardiac perfusion with PBS ( pH 7.4) through the left ventricle. After measuring the distance between two marked points with a caliper in situ, the left common carotid artery was carefully excised and the in vivo stretch was calculated from the length ratio between excised and in situ lengths. The artery was subsequently mounted onto the synchrotron-compatible pressure-inflation device ( figure 1 ) and fixed at the in vivo axial stretch. Attachment of the artery to the pressure tubes was done with silk wire. In n ¼ 1/12 animals, the left carotid artery was damaged during the procedure and the right carotid artery was used instead. Once mounted, the tube in which the fresh carotid samples were mounted was immersed in Krebs-Hanseleit solution (in mM: 110.8 NaCl, 5.9 KCl, 25.0 NaHCO 3 , 1.07 MgSO 4 , 2.49 CaCl 2 , 2.33 NaH 2 PO 4 and 11.51 glucose, pH 7.4). The vessel was preconditioned with two initial pressure-inflation -deflation loops of 0 -120 mm Hg in 5 min. During pressure-inflation experiments, the pressure was increased quasi-statically by infusion of PBS with a syringe pump. Scans were taken at pressure levels of 0, 10, 20, 30, 40, 50, 70, 90 and 120 mm Hg. There was no leakage in the system and pressure was kept constant during the entire scan for all scans of all samples. Propagationbased phase-contrast imaging [29, 30] was performed at the X02DA TOMCAT beamline of the Swiss Light Source, Paul Scherrer Institut, Villigen, Switzerland. The Swiss Light Source is a 2.4 GeV synchrotron storage ring, operated in top-up mode with ring current of 400 mA. The X-ray beam at the X02DA TOMCAT beamline is produced by a 2.9 T superbending magnet. Propagation-based phase-contrast imaging was performed at 25 m source-to-sample distance, 25 cm sample-todetector distance and at 21 keV. This set-up is typically referred to as the 'edge-enhancement regime' and facilitates increased contrast at interfaces between different materials [31] , in our case between the lamellar and interlamellar layers. For acquiring the tomographic projection data, a scientific CMOS detector ( pco.Edge 5.5) was used in combination with a 4Â magnifying visible-light optics and a 20 mm thick scintillator (LuAg:Ce).
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The effective voxel size was 1.625 Â 1.625 Â 1.625 mm 3 . The three-dimensional volumes were then CT reconstructed with the gridrec algorithm [32] . A flowchart summary of all experimental steps is given in electronic supplementary material, figure S1.
Image post-processing: automatic two-dimensional segmentation of lamellae
During post-processing, the images underwent a fully automated sequence of post-processing steps that were part of a segmentation algorithm that had been specifically designed to extract individual elastic lamellae from the images (figures 2 and 3). Below is a summarized version of the methodology. A detailed description can be found in the electronic supplementary material. All commands can be found in the image processing toolbox in Matlab R2016b (The Mathworks, USA). The first intermediate goal was to set all pixels in-and outside the vessel wall to zero. To that end, the original image (figure 2a) was first binarized from greyscale to black and white. Connected items smaller than 10 pixels were removed from the binary image and the image was morphologically closed such that the largest remaining connected item in the image was the vessel wall (figure 2c). A succession of dilate and erode operations was used to remove erroneous spikes protruding from the vessel wall and a convex hull was computed (figure 2d ). Once the outer convex hull had been identified, its inverse could be subtracted from the original image to eliminate background noise (figure 2e). A series of Boolean operations was then executed to identify the pixels belonging to the arterial lumen. The inverse of the outer hull was added to the original binary image and the resulting image was subsequently inverted, leaving the inner lumen as the largest single connected item (figure 2g). The (inverted) outer hull and the inner convex hull were subsequently subtracted from the original greyscale image (figure 2h).
The second intermediate goal was to process the greyscale image such that it represents the connectivity of the lamellae. In order to expedite the process, we first removed the outer half of the aorta (figure 3b). Once the input image was determined, we set out to find the optimal binary threshold (figure 3c). Edge gaps with a gap size of 3 -5 pixels were filled in (figure 3d, green arrows) and loose edges (i.e. edges of which either one or both endpoints were not connected to any other edge) were removed (figure 3d, yellow arrows).
The third intermediate goal was to find the paths that represent the elastic lamellae. We first calculated the coordinates (x c , y c ) of the geometric centre of gravity of the outer convex hull. All pixels along the vertical axis (x ¼ x c , y . y c ) were subsequently set to 0 (figure 3e, red arrows). Then, a connected graph was calculated in which each elastin line on the image corresponded to an edge in the graph (figure 3f ). The connectivity between these edges was stored in a sparse bi-directional matrix, with two junctions for each intersection between two edges (one junction for each direction). In the next step, the starting and ending points of each of the three lamellae were defined as the edges closest to the geometric centre that intersected with the pixel column left and right of the zero column, respectively (figure 3f, bottom). For each lamella, the shortest path along the graph from its start to its endpoint was then calculated. To every junction in the sparse matrix, a weight was attributed that corresponded to the average distance to the eroded hull of both edges belonging to that junction. These weights were subsequently used in a modified version of Dijkstra's shortest path algorithm [33] (electronic supplementary material, figure S1 ). The shortest path according to this modified Dijkstra algorithm (figure 3h) was subsequently back-projected onto the original image (figure 3i). As a last step, the path was filtered in order to correct for discrepancies that were introduced during the royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20190179 skeletonization step (e.g. the transition from figure 3c to figure 3d ). For each pixel, the local lamellar thickness was calculated as twice the distance between the curve representing the segmented lamella (corresponding to the local centreline of the lamella, figure 3i ) and the inner lining of the binarized image (corresponding to the local inner curvature of the lamella, innermost pixels of figure 3c ). This local thickness array was used to smooth the lamellar path (figure 3j). Once the lamella centreline and corresponding local thickness array had been calculated, this information was used to remove the segmented lamella from the original image. This yielded a new input image similar to the one shown in figure 3b, but now with the second lamella being the innermost lamella (figure 3k). Steps b to j were repeated, resulting in a segmented second (middle) lamella (figure 3l ). The second lamella was then removed from the original image (figure 3m) and the outermost lamella was segmented (figure 3n). Finally, the outer lining of the adventitia was segmented from the outer convex hull. In a final step, the resulting adventitial lining was smoothed with a SavitskyGolay filter and all segmented layers (outer lining of adventitia and centreline of three lamellae) were back-projected onto the original image (figure 3o).
Image post-processing: automatic threedimensional segmentation of lamellae
The two-dimensional procedure as described above was followed for all slices in the geometry, and these were subsequently connected in the axial direction in order to form a three-dimensional surface. We skipped two out of every three axial images, reducing the effective axial resolution to 4.9 mm and resulting in a stack of 75 images per pressure level (representing an axial length of 366 mm). All two-dimensional segmentations in which one of the layers could not be segmented were discarded automatically. The remaining three-dimensional layers were smoothed using built-in functions of the Vascular Modelling Toolkit (VMTK) [34] .
Image post-processing: quantification of lamellar diameter, length, thickness and straightness
Once the three lamellar layers were segmented (figures 2 and 3), this information was used to quantify how each of the three lamellar layers straightened when pressurized. In order to get the diameter value, a circle was fit through the points of each segmented lamella by minimizing the sum of squared radial deviations. The total lamellar length was calculated based on the centreline of the final segmented path, and a dimensionless straightness parameter was defined for each lamella as the ratio of (i) the perimeter of the best-fitting circle and (ii) the total lamellar length [21] . The thickness of the adventitia and of each lamella were derived from the segmentation algorithm. The interlamellar thickness was calculated from the node-to-node distance between lamellar centrelines, from which half the lamellar thickness was subtracted at each side.
Data analysis
We selected 75 images from the centre of each stack (starting at the centre of the stack, and skipping two of every three images in both cranial and caudal axial directions) for each sample and for each pressure level, resulting in a total of 75 Â 12 Â 9 ¼ 8100 analysed images from 108 different scans. Since the samples were fixed at their caudal and cranial end by silk wire, we were able to analyse the same locations along the carotid at every pressure step. Segmented slices were discarded when: (i) the automatic segmentation algorithm ran into numerical error (n ¼ 95/8100 slices), (ii) the automatic segmentation algorithm produced a nonsensical result, detected as a lamellar length that was more than 3 s.d. away from the average value for that pressure level, representing n ¼ 944/8100 slices. In total, 1039/ 8100 images were discarded prior to analysis.
Results
Our synchrotron-based experiments resulted in a clear delineation of the centreline of each lamellar layer (figure 4a-f). This allowed us to construct image-based three-dimensional models of the lamellar microstructure of the mouse carotid artery at nine different pressure levels ( figure 4g ). To the best of our knowledge, these are the first image-based three-dimensional models that include both the layered lamellar structure within the tunica media and the thickness of the adventitia along the entire circumference of the vessel. In the second part of our analysis, we quantified the geometry of the microstructure in order to investigate how the lamellar diameter, length and straightness evolve with increasing pressure (figure 5). As pressure increased, the diameter of the carotid artery experienced a 50% increase, with the outer, adventitial diameter augmenting from 368 mm at zero pressure to 545 mm at a pressure of 120 mm Hg (table 1, figure 5a) . royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20190179
During this process, each of the three lamellar layers unfolded and was simultaneously stretched out, as can be seen from the increase in lamellar length (table 1, figure 5b ) and lamellar straightness (table 1, figure 5c ). Lamellar length increased quasi-linearly in all three lamellae (figure 5b). In each of the three lamellar layers, the most important increase in lamellar straightness occurred between 0 and 30 mm Hg, after which a plateau value of around 95-97% straightness was reached (table 1, figure 5c ). The innermost layer was slightly straighter than the other layers at all pressure levels (straightness of 88% at zero pressure and 97% at a pressure of 120 mm Hg, table 1). The decrease in thickness of the wall was mostly observed in the outer layers (figure 6). At zero pressure, media and adventitia had a similar thickness (media: 24.7 mm; adventitia: 27.1 mm). At 120 mm Hg, the adventitia had reduced its thickness by 50% (13.8 mm) while the media reduced only by 30% (17.3 mm). At all pressure levels, the inner lamella was thicker than the outer lamellae, and the outer interlamellar layer was thicker than the inner interlamellar layer. At 120 mm Hg, the thickness of the interlamellar layer between the two innermost lamellae had reduced with 20% (from 3.5 to 2.8 mm) while the distance between the two outer lamellae was reduced by 28% (from 5.4 to 3.9 mm). Over the same pressure range, the lamellae reduced in thickness with 36% (L1: 6.6 to 4.2 mm), 27% (L2: 4.4 to 2.9 mm) and 23% (L3: 4.7 to 3.6 mm). All measurements [35] , as well as original synchrotron images [36] , are accessible from the online repository Zenodo.
Discussion
In this work, we present a novel methodology to visualize and model the microstructure of the carotid arterial wall. Using a synchrotron-compatible pressure-inflation device, we report, both qualitatively and quantitatively, how the lamellar layers within the tunica media respond to a gradual increase in intraluminal pressure. This allowed us to create a threedimensional model of the microstructure which, in future work, can be used as the geometrical input for computational biomechanics of the arterial microstructure.
Imaging the microstructure: a comparison to the literature
The greatest advantage of our synchrotron-based technique is that the field of view in our experiments is larger than that of established imaging techniques such as TEM, SEM or MPM.
Raspanti et al. used SEM to visualize how unpressurized elastic laminae in the human aortic wall form thin sheets spanning hundreds of microns, all of them folding into a regular undulation [17] . MPM has been used to examine the structure of collagen and elastin fibres in healthy [37] and diseased [15, 38] human aortas, as well as in pigs [18, 39] , rabbits [40, 41] , rats [42] and mice [19,43 -45] . Several researchers used MPM to visualize how in an unpressurized, undulating state, the adventitial collagen network shows randomly distributed orientations and a high degree of crimping [40, 42] while the collagen bundles progressively unfold and realign along the load direction upon loading, thus explaining the subsequent stiffening of the material's response [41, 46] . MPM-based reports on the behaviour of arterial royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20190179 lamellae at different pressures are, however, rare. Zoumi et al. studied the deformation of collagen and elastin fibres in rabbit aortas and pig coronary arteries under different distension conditions [47] . Focusing on collagen rather than elastin fibres, they reported that the portion of the vessel closer to the lumen was affected by the loading more than the region closer to the outer wall. This finding can be explained by the principle of conservation of mass in an incompressible material and is consistent with our own observations (both in current and previous work [48] ). Chow et al. reported that the medial elastic fibres in porcine thoracic aortas are much more uniformly distributed than collagen fibres and remain relatively unchanged due to loading [37] . Sugita et al. used MPM to claim that the interlamellar layers within the tunica media of the rabbit thoracic aortas straighten at lower intraluminal pressures than the elastic laminae themselves [49] . Walton et al. were the first to use synchrotron-based phase-contrast imaging to scan the full three-dimensional circumference of paraffin-embedded rat carotid arteries [22] . They visualized the elastic lamellae of two different samples: one fixed at zero pressure, another fixed at a pressure of 110 mm Hg. A semi-automatic segmentation algorithm was able to distinguish between media and adventitia, but singular lamellae were not extracted despite being visible on the images. Since two different samples were used and both samples were embedded in paraffin prior to imaging, there was no direct imaging of how lamellae straighten with pressure [22] . More recently, Yu et al. were the first to visualize how distinct lamellar layers in the mouse carotid artery unfold with pressure [21] . Their MPM-based method had limited depth which prevented them from scanning the entire circumference of the vessel. The tunica adventitia was not measured and lamellae were traced at their centreline only (no thickness values included). Nevertheless, their report includes the most detailed data on pressure-inflation of the murine arterial microstructure to royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20190179 date, which is why we used it as a reference in the following sections.
Unfolding, stretching and thinning of lamellar layers with pressure
We observed that lamellar layers unfold in the pressure range between 0 and 30 mm Hg. This is in line with earlier findings of Yu et al. [21] and with those of Dobrin, who used radiography to measure the deformation of four elastic lamellae in the dog carotid artery and found complete lamellar unfolding at a pressure between 25 and 55 mm Hg [50] . We also found that lamellar layers stretch (i.e. increase in length) from the lowest pressure levels on, even when the lamellae have not yet unfolded ( figure 5b,c) . This observation contradicts previous histology-based findings, which suggested that lamellae are only stretched once the intraluminal pressure surpasses the diastolic pressure [51] . It is, however, in line with the observations of Yu et al., who reported that unfolding and extension of lamellar layers contribute simultaneously to tissue-level deformation [21] . Another observation that is consistent with the findings of Yu et al. is that the outer interlamellar layer (L23) is slightly thicker than the inner interlamellar layer (L12). The thickness of both interlamellar layers also decreases as pressure increases (figure 6b, table 1). Yu et al. based their analysis on the distance between lamella centrelines (not taking the lamellar thickness into account). Our segmentation algorithm allowed for a more accurate breakdown of arterial thinning during pressurization: we found that most of the reduction in medial thickness was due to thinning of the lamellae themselves ( figure 6 ). An important difference between our data and those of Yu et al. was found in the evolution of lamellar straightness with pressure. Our synchrotron-based measurements showed that the inner lamellar layer (L1) was slightly straighter than the middle and outer layers (figure 5c). Yu et al., on the other hand, reported that the inner lamella L1 undergoes a significantly greater undulation than the other layers, especially at lower pressures. They hypothesized that the inner lamella is less straight than the outer lamellae to compensate for the fact that, during pressurization, the inner radius undergoes more deformation than the outer radius [21] . In order to explain this discrepancy with our data, several alternative hypotheses can be considered. A first hypothesis is that lamellar straightness is not homogeneously distributed along the circumference. Indeed, when comparing segmentations of the same twodimensional image (top quadrant of figure 4c and right quadrant of figure 4e), it can be seen that in some regions, the inner lamella is straighter than the outer lamella, while in other regions, the opposite is true. It is therefore possible that a circumferential compensation mechanism takes place within each lamella: as one region of the lamella is straightened with pressure, another is buckled to compensate. An alternative explanation might be that the mechanism proposed by Yu et al. is counteracted by the fact that the middle and outer layers are not directly exposed to the luminal pressure (as is the case for L1). If either of these two hypotheses were correct, this would imply that the results of Yu et al. (which were based on MPM imaging of only a small arc, not the entire circumference) might have overestimated the undulation of the inner lamellar layer. Alternatively, one might also hypothesize that the presence of the nearby adventitia introduced an artificial waviness by erroneously incorporating adventitial segments into the outer lamella, thus leading to an overestimation of the undulation of the outer layers in our synchrotron images (e.g. Figure 4b ,c). Finally, it is also possible that both our method and that of Yu et al. yield correct results and the explanation is to be found in inherent differences between the carotid arteries that were used. In future research, we aim to directly compare both methods on the same samples in order to determine the reason for these intriguing differences.
Limitations and future work
The final goal of this work is to generate a computational biomechanics model of the arterial wall in which each of the different lamellar layers is modelled separately. We believe that, in the long term, such micro-structural models will be an indispensable step towards a better understanding of how the micro-mechanics within the vessel affect the initiation and propagation of cardiovascular disease. For such a model to be reliable, one needs (i) a three-dimensional geometry allowing us to represent the lamellar and interlamellar layers within the aortic wall and (ii) layer-specific material properties for each of these layers. This study forms a first step towards that goal, but some shortcomings can still be identified:
Geometry
The analysis presented here focuses on the left common carotid artery of mice. From an experimental point of view, this is the simplest possible geometry since (i) it has only three lamellar layers and (ii) it is a straight segment without side branches. Our custom-built segmentation algorithm takes advantage of this by assuming that the lamellae encounter no interruptions, bifurcations or dead ends. This assumption is known to be incorrect: using SEM, branching of one lamella into two distinct lamellae has been observed [52] , as well as direct connections between lamellae [52] , interlamellar elastin [10] and a direct connection between elastin and SMCs [10] . In future work, we aim to extend our work to other vascular regions such as the thoracic and/or abdominal aorta and to mouse models with known lamellar defects such as Fibulin5 2/2 mice [53] . This will require a more sophisticated segmentation algorithm that is able to handle the transition or disruption of lamellar layers. Another limitation is that, while we visualized the elastin components within the tunica media with great detail, the structural elements within the interlamellar layers and the adventitia (fragmentary elastin fibres, smooth muscle cells, collagen fibrils, etc.) could not be resolved. In future work, a hybrid combination of synchrotron imaging with MPM might allow us to overcome this limitation. Our method also assumed that the artery does not buckle axially in curved or tortuous shapes during inflation, since we compared the same slice at different pressure levels. This assumption was not always valid: at the highest pressure levels, some arteries did buckle to some extent, a source of error that should be taken into account when interpreting the high-pressure results. Another aspect of the segmentation algorithm that can still be improved is its robustness: in total, 1039/8100 two-dimensional segmentations had to be discarded due to errors in the shortest path detection algorithm. Some of these errors were caused by collapsed arteries at zero or low pressure royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20190179
(which are difficult to segment in an automated way since the shortest path takes a shortcut when opposite sides of the vessel are touching each other). Other errors could be attributed to image artefacts that affected the automatic image processing, resulting in nonsensical 'shortest paths'. Given the very detailed axial (inter-slice) resolution of the synchrotron scans, this limitation can be accounted for as long as the total dataset is sufficiently large to allow for automated skipping of the erroneously segmented slices. We are convinced that further improvements in synchrotron image quality and post-processing techniques (as incremental as they may be) will further improve the accuracy of our results.
Material properties
In this work, we present a novel segmentation algorithm that allows us to describe the undulating behaviour within different lamellar layers of the carotid artery wall. We did not, however, use our pressure-inflation data to estimate the material properties of each individual lamellar and interlamellar layer. It is important to keep in mind that all layers are subjected to the same intraluminal pressure at each quasi-static scan, and any estimate of the material properties should model the interaction between layers, which consist of different constituents (i.e. simply analysing the pressure-diameter relationship does not suffice) [45] . In future work, we aim to include a load cell to measure the axial force exerted on the aorta during inflation to enable such parameter fitting. We are also working on an alternative approach based on the isogeometric analysis in order to estimate the material properties.
Conclusion
In this manuscript, we present (i) a synchrotron-compatible experimental set-up that allows for pressure-inflation experiments on a mouse artery and (ii) an automated segmentation algorithm that allows for geometrical modelling of distinct lamellar layers. Applying our methodology on the carotid artery of a mouse (three lamellar layers, no side branches), we found that all lamellae are stretched during unfolding and that the three lamellar layers are similar in straightness when the entire circumference is taken into account. We believe that, in the long term, the results presented in this work can be the first step towards a breakthrough in micro-structural computational biomechanics of the arterial wall and thus lead to a better understanding of how the microstructure affects the initiation and propagation of cardiovascular disease.
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